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A method for the rapid proteolytic digestion of low picomole to low femtomole amounts of 
proteins in solution using a capillary immobilized protease column is presented. Dilute 
protein samples are passed through a “/L-digestion“ column packed with PoroszymeTM 
immobilized trypsin for generation of proteolytic fragments in less than 10 min. After 
digestion, nanoelectrospray ionization mass spectrometry (NanoES) is used to generate a 
peptide map, and peptides of interest are subjected to MS/MS from the same sample. By 
digesting only 100 fmol of the protein src kinase and 30 fmol of the protein lck kinase with a 
tryptic p-digestion column, we obtained sufficient data from NanoES-MS and MS/MS to 
unambiguously identify both proteins using database searching. This approach was also 
used to locate a phosphorylation site on lck kinase starting with only 300 fmol of protein. The 
method was successfully used to identify an E. coli cold shock protein in a fraction collected 
from a two-dimensional HPLC separation of an E. coli cell lysate. The p-digestion column 
was found to be less susceptible to adsorptive losses than solution digests, thus allowing for 
digestion and enhanced recovery of peptides from even low fmol amounts of protein in 
solution. (J Am Sot Mass Spectrom 1997, 8, 483-494) 
Spectrometry 
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T he identification and characterization of proteins is a critical component in many areas of biologi- cal research. Traditionally, this process has in- 
volved labor-intensive “wet” chemistry methods such 
as gel electrophoresis, enzymatic digestion, and Ed- 
man sequencing. More recently, mass spectrometry has 
begun to play an extensive role in the area of protein 
and peptide characterization [I]. Matrix-assisted laser 
desorption ionization (MALDI) mass spectrometry 
[2,3] and electrospray ionization (ESI) mass spectrome- 
try [4-61 have made possible the ionization and analy- 
sis of proteins and other types of large, thermally labile 
biomolecules [7]. The ability to obtain amino acid 
sequence information for peptides by mass spectrome- 
try is well established [8,91 and, in some instances, 
amino acid sequence can be obtained faster and more 
easily using less material by mass spectrometry than 
by Edman sequencing. Because of its continuous-flow 
nature, electrospray ionization has been readily cou- 
pled on-line with separation techniques such as high- 
performance liquid chromatography (HPLC) and capil- 
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lary electrophoresis (CE) for the analysis of mixtures of 
proteins and peptides as well as other types of analytes 
[lo, 111. 
In many cases, the biologist may be able to purify or 
express only low picomole amounts or less of a pro- 
tein, or perhaps the interest lies in characterizing an 
impurity that is present at very low levels. More often 
than not, protein samples of this nature are initially 
separated by gel electrophoresis followed by genera- 
tion of a proteolytic map and further characterization 
of the peptides obtained to determine amino acid se- 
quence or sites of post-translational modification. Sev- 
eral very effective approaches for characterizing ex- 
tremely small amounts of proteins and peptides by 
mass spectrometry have been devised including capil- 
lary LC/MS [lo], CE/MS [ill, microelectrospray 
[ 12,131, NanoES [ 14,151, and MALDI-MS [ 161. NanoES 
ionization has recently emerged as a very powerful 
method for the identification and characterization of 
low fmol levels of proteins 117,181. Because of the 
extremely low flow rates associated with NanoES 
(lo-20 nL/min), analysis times can be on the order of 
1 h or more for 1 PL of sample, allowing time for 
optimization and execution of multiple mass spectro- 
metric experiments (precursor ion scans, product ion 
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scans). Elegant techniques have been developed for the 
digestion of proteins in-gel for subsequent analysis by 
NanoES-MS [19]. Other separation systems are also 
being explored for the separation of protein mixtures 
including LC, CE, and multidimensional combinations 
of the two 120-251. One inherent problem in handling 
proteins in solution is their propensity to stick to 
surfaces, and this effect is amplified at lower concen- 
trations. This propensity to adsorb to most surfaces 
severely limits the ability to digest subpicomole 
amounts of proteins and recover their proteolytic pep- 
tides from a solution format. 
The purpose of this work is to develop a method for 
generating proteolytic digests of subpicomole amounts 
of proteins in solution with good recovery for subse- 
quent analysis by NanoES mass spectrometry. This 
method uses a capillary column packed with Poros- 
zyme TM [26,27] immobilized trypsin ( p-digestion col- 
umn) to generate proteolytic digests without the ad- 
sorptive losses encountered in traditional solution 
tryptic digests. We demonstrate the applicability of the 
approach for protein identification and characteriza- 
tion using the “model” proteins lck kinase and src 
kinase, and a fraction from a two-dimensional (2-D) 
HPLC separation of an E. coli cell lysate. 
Experimental 
Materials 
The protein pp60’+” tyrosine kinase (src kinase) was 
expressed in-house at Glaxo Wellcome without the 
N-terminal 85 amino acids [molecular weight (MW) 
N 51 kDa1. A 51 kD, construct of the protein human 
lck tyrosine kinase (lck kinase) was obtained from 
Mike Eck of Children’s Hospital, Boston, MA. Two- 
dimensional LC/LC fractions from an E. coli cell lysate 
sample were obtained in-house at Glaxo Wellcome. 
PoroszymeTM immobilized trypsin and POROSTM 5OR2 
resin were obtained from Perseptive Biosystems 
(Framingham, MA). All PEEK tubing, unions, sleeves, 
and fittings were obtained from Upchurch Scientific 
(Oak Harbor, WA). Stainless steel frits were obtained 
from Mott Metallurgical (Farmington, CT). Fused silica 
capillary tubing was obtained from Polymicro Tech- 
nologies (Allentown, PA). NanoES capillaries were ob- 
tamed precoated from The Protein Analysis Company 
(Odense, Denmark) or uncoated from World Precision 
Instruments (WPI) (Sarasota, FL). Capillaries obtained 
from WPI were sputtercoated with gold for 2 min at a 
distance of 5 cm from the gold anode target at 20 mA 
of current, 0.03 mbar Ar gas pressure, using an SPI 
Module sputter coater (Structure Probe Inc., West 
Chester, PA). 
Packing of a p-digestion Capilla y Protease Column 
For packing a p-digestion column, a 500 m i.d. x 
5 cm segment of PEEK tubing was connected to an 
Upchurch PEEK union containing a 0.062 in. X 0.028 in. 
stainless steel frit for holding resin in place. The other 
end of the column was connected to a “packing bomb” 
consisting of an open 4.6 mm id. X 10 cm PEEK col- 
umn. Approximately 50 PL of a slurry of PoroszymeTM 
trypsin was added to the bomb, and then the bomb 
was connected to the outlet of an HP1090 chromato- 
graph. The bomb was pressurized with 50 mM Tris, 
pH 8.5, containing 1 mM CaCl, and 5% acetonitrile, 
adjusting the flow rate to maintain a backpressure 
< 200 bar. After 5 min of pressurization, the column 
was disconnected from the bomb and the inlet of the 
p-digestion column examined for the presence of 
PoroszymeTM resin. The loading of resin and pressur- 
ization was repeated until PoroszymeTM resin could 
be seen at both the inlet and outlet ends of the p- 
digestion column. After packing, another union/frit 
assembly was attached to the inlet end of the p-di- 
gestion column. The outlet of the p-digestion column 
was finished by placing a 5 cm length of 200 pm i.d. X 
320 pm o.d. fused silica into a PEEK sleeve/finger- 
tight assembly on one end of column. The inlet was 
finished by placing a 3 cm length of 0.062 in. o.d. x 0.03 
in. i.d. teflon tubing into a fingertight fitting at the inlet 
of the column. Prior to use, the p-digestion column 
was flushed extensively with 50 mM Tris, pH 8.5, 
containing 70% acetonitrile. In addition, an incubation 
of the p-digestion column at 50 “C followed by exten- 
sive flushing with buffer prior to use can decrease the 
abundance of autocatalytic peptides produced by the 
column. A schematic of the p-digestion column assem- 
bly is shown in Figure 1. 
Protein Digestion Using a EL-digestion Column 
Before initial use and between samples, the CL-di- 
gestion column was flushed with 50-100 PL of a 
50 mM Tris buffer, pH 8.5, containing 1 mM CaCl, 
and 70% acetonitrile to wash away autocatalytic pep- 
tides and/or hydrophobic peptides bound to the col- 
umn from previous samples. For digestion, a 50 mM 
Tris buffer, pH 8.5, containing 1 mM CaCl, and 5% 
acetonitrile heated to 37 “C was used, with the p-di- 
gestion column maintained at ambient temperature. 
Typically, lo-20 PL of buffer was initially drawn into 
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Figure 1. Schematic of a capillary protease “k-digestion” col- 
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a 25 PL Hamilton Gastight syringe (Hamilton, Reno, 
NV). Next, the sample was drawn into the syringe 
behind the buffer plug. This syringe was connected to 
the p-digestion column as shown in Figure 1, and a 
Harvard Apparatus (South Natick, MA) syringe pump 
was used to wash the sample and trailing buffer plug 
through the column at a flow rate of 2 pL/min into an 
eppendorf tube. Buffer solution remaining in the col- 
umn after digestion was also forced into the eppendorf 
tube by forcing air through the column with the sy- 
ringe, followed by rewetting the column with fresh 
buffer. Samples containing less than 10% acetonitrile 
were digested directly on the p-digestion column after 
pH adjustment with 0.5 M Tris, pH 8.5. Samples con- 
taining greater than 10% acetonitrile (i.e., reversed- 
phase HPLC fractions) were initially concentrated in a 
Savant Speed Vat (Farmingdale, NY) to remove the 
organic modifier prior to digestion. 
NanoES Analysis of Digests 
After digestion, samples were loaded onto a pulled 
capillary packed with a small bed (100-200 nL) of 
POROSTM 5OR2 resin and desalted as previously de- 
scribed [141. After washing with several I.LL of 1% 
formic acid, the digest was eluted into the NanoES 
capillary with 1 PL of 60% MeOH, 5% formic acid. 
Next, samples were analyzed by positive ion NanoES- 
MS using a PE Sciex API-III triple quadrupole mass 
spectrometer (Thornhill, Canada) equipped with a 
NanoES source obtained from the European Molecular 
Biology Laboratory (Heidelberg, Germany). Calibra- 
tion of the instrument was accomplished using a mix- 
ture of polypropylene glycols (PPGs) with the Sciex 
lonsprayT” source. For mass spectral analyses, a 0.1 or 
0.2 Da step was used with a 1 ms dwell time to scan 
the range m/z 400-2000. Several spectra were usually 
averaged to improve ion statistics. Voltages applied to 
the NanoES needle, interface plate, and orifice were 
typically 650, 100, and 60-70 V, respectively, and a 
nitrogen curtain gas flow of 0.6 L/mm was used. For 
MS/MS analyses, a mixture of Ar:N, (9:l) was set to a 
collision gas thickness (CGT) of approximately 2.5 x 
1014 molecules/cm’ (CGT = 250). A 0.3 Da step was 
used with a 0.5-l ms dwell time, and collision energy 
was adjusted to provide optimal fragmentation for 
each peptide. Several spectra were typically averaged 
to improve ion statistics. 
Results and Discussion 
Digestion and NunoES Analysis of Proteins with a 
CapiIla y Protease (p-digestion) Column 
Elegant work has been recently reported describing the 
manipulation and analysis of fmol levels of proteins 
separated on polyacrylamide gels 117,191. While gel 
electrophoresis is probably the most common tech- 
nique used by biochemists to separate protein mix- 
tures, a variety of chromatographic techniques, includ- 
ing multidimensional LC, are also used in the analysis 
of protein mixtures [25]. We are often asked to charac- 
terize protein samples in which subpicomole amounts 
of a protein are present in solution, for example, in 
HPLC fractions. These samples usually require the 
sensitivity of NanoES or MALDI-MS, and are prone to 
sample manipulation losses. In order to better handle 
such samples, we have developed a method for rapidly 
digesting fmol levels (starting amounts) of proteins in 
solution through the use of capillary columns packed 
with PoroszymeTM immobilized proteases ( /L-di- 
gestion columns). PoroszymeTM consists of proteases 
immobilized onto a perfusive support at an extremely 
high enzyme loading, resulting in efficient protein di- 
gestion in minutes as opposed to hours as with tradi- 
tional solution digests [26,27]. Since the backpressure 
from these F-digestion columns is very low, samples 
can be washed through the column using an inexpen- 
sive syringe and syringe pump. Once collected, sam- 
ples can be analyzed by NanoES (described in this 
article) or MALDI-MS [28]. 
In order to characterize the efficiency of protein 
digestion and recovery of peptides using the p-di- 
gestion column, a series of digests of the “model” 
proteins src kinase and lck kinase were prepared. Both 
of these recombinant proteins have molecular weights 
of approximately 51 kDa. Solutions of these proteins 
were initially quantitated by amino acid analysis. Di- 
gests of 3, 0.3, and 0.03 pmol lck kinase and 10, 1, and 
0.1 pmol src kinase (starting protein amounts in digest) 
were prepared by “pushing” 1 PL containing the 
protein with 20-30 PL of buffer through the enzyme 
column at a 2 ~L/min flow rate (approximately 
10 min per digest). Digests were collected into eppen- 
dorf tubes, pH adjusted with 1 E.LL of 80% formic acid, 
and desalted. For comparison, solution digests of 1 and 
0.1 pmol src kinase in 10 PL Tris buffer were prepared 
using a 1:2 trypsin:src kinase ratio. The solution di- 
gests were done at 37 “C for 18 h, and prior to desalt- 
ing, 1 PL of 80% formic acid was added to each 
eppendorf to maximize peptide recovery. In the 1 
pmol solution digest of src kinase, several abundant 
tryptic autocatalytic peptides were observed, but only 
three src tryptic peptides representing 5.5% of the total 
src sequence were observed (data not shown). The 
three src kinase tryptic peptides observed were not 
very abundant, and meaningful MS/MS data could be 
obtained on only one of these peptides. No tryptic 
autocatalytic peptides or tryptic peptides of src kinase 
were detected in the 0.1 pmol solution digest. The low 
abundance of src peptides in these solution digests is 
presumably due to adsorption of the digest to the 
walls of the eppendorf tube. In contrast, excellent tryp- 
tic maps were obtained for both src kinase and lck 
kinase when digested with the p-digestion column. 
Figure 2 shows the NanoES-MS spectrum obtained for 
the 300 fmol tryptic digest of lck kinase. At the 300 
fmol level, approximately 50% of the lck sequence is 
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Figure 2. NanoES-MS spectrum of a 300 fin01 tryptic F-digest of lck kinase. Ions marked B are due 
to chemical background. Expected trwtic peptides are marked as T + peptide number. Peptide 
T41* is phospho<lated tryptic peptidblT44.’ L 
represented in the mass spectrum. Coverage values 
were calculated based on observed ions that corre- 
sponded to expected lck peptides but that were absent 
in the mass spectrum of a “blank” digest. Even at the 
30 fmol level, a significant portion of the lck kinase 
sequence (31%) is represented in the mass spectrum. 
Perhaps part of the reason for the superior recovery 
obtained with a PoroszymeTM digest as compared to a 
solution digest lies in the fact that the protein sample 
in a p-digest is exposed to surfaces only a fraction of 
the time as compared to a solution digest (10 mm, as 
compared to 18 h). The efficiency of the p-digestion 
column relative to solution digests can be attributed to 
the extremely high trypsin loading on the PoroszymeTM 
p-digestion column (200 pg immobilized trypsin on 
column compared to 0.025 pg trypsin in the 1 pmol 
control solution digest). Table 1 summarizes the re- 
sults for all of the lck kinase digests. Observation of lck 
tryptic peptides is indicated in the table by + (ob- 
served) or - (not observed). Tryptic peptides not 
listed (i.e., T2) were not observed in either of the three 
digests. Sequence coverages summarized in Table 1 
indicate the percentage of ammo acid sequence ob- 
served in the corresponding MS spectra. As expected, 
higher starting amounts of protein yielded higher se- 
quence coverages. For example, a 20% increase in lck 
kinase sequence coverage was obtained with a 3 pmol 
digest compared to a 300 fmol digest. Likewise, a 38% 
decrease in sequence coverage was obtained with a 30 
Table 1. Sequence coverage results for 3 pmol, 300 fmol, 
and 30 fmol Ick kinase tryptic digests 
Tryptic Sequence 
Digestion experiment 
peptide position 3 pmol Ick 300 fmol Ick 30 fmol Ick 
Tl l-23 + - - 
T3 29-38 + + + 
T4 39-57 + + + 
T5 58-69 + + + 
T9 79-93 + + + 
TlO 94-107 + + - 
Tl 1 108-118 + + + 
T14 124-135 + + + 
T16 147-158 + + - 
T23 216-232 + + - 
T32 306-318 + + - 
T33 319-326 + + + 
T34 327-336 + - - 
T38 360-377 + + + 
T38 378-394 + + + 
T40-T41 395413 + - - 
T41 398-413 + + - 
T42 414-417 + - - 
T43 418-430 + + - 
T44* 431-448 + + + 
Chymotryptic 122-l 38 + - 
Percent protein coverage 60 50 31 
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fmol lck kinase digest compared with a 300 fmol 
digest. Excellent MS/MS data were also obtained for 
even subpicomole lck kinase and src kinase digests. 
Figures 3 and 4 show MS/MS spectra obtained for two 
lck kinase peptides, m/z 905.4 at the 300 fmol level 
and m/z 677.6 at the 30 fmol level. In both cases, 
high-quality spectra were obtained with a y-ion series 
sufficient for calling partial peptide sequence. Even at 
the 30 fmol level, sufficient data were obtained through 
MS/MS to unambiguously identify lck kinase from a 
database. Similar results were obtained with src ki- 
nase. Neither src nor lck kinase contain disulfide bonds 
that might interfere with proteolytic digestion. We did 
not investigate the use of reductive alkylation of Cys 
residues prior to digestion with the pdigestion col- 
umn. However, the PoroszymeTM manufacturer notes 
in the package insert that samples containing protein 
and reducing/alkylating reagents may be injected di- 
rectly onto a PoroszymeTM trypsin column without 
damaging the column, assuming that the solution con- 
tains no more that 3 M urea and that excess alkylating 
agent is scavenged prior to injection with a thiol such 
as free cysteine or thiomalic acid. The p-digestion 
columns packed with PoroszymeTM trypsin have been 
found to be extremely robust and are reusable. A 
single p-digestion column was used for all of these 
studies. If a column has been contaminated with a 
particularly dirty sample, the column can be “regener- 
ated” by replacing the frits and trimming approxi- 
mately 1-2 mm from the head of the column followed 
by extensive washing with digestion buffer containing 
70% acetonitrile. 
Two factors, proteolytic fragment size and starting 
protein amount, govern the sequence coverage ob- 
tained with the p-digestion column. In terms of prote- 
olytic fragment size, we found that most peptides from 
src kinase and lck kinase tryptic p-digests observed in 
the NanoES spectra fell within the 400-2500 Da molec- 
ular weight range. Peptides smaller than 400 Da proba- 
bly were not retained by the desalting capillary, and 
peptides larger than 2500 Da were probably poorly 
recovered from the p-digestion column and/or desalt- 
ing capillary. Sequence coverage can potentially be 
increased by choosing a protease that generates a ma- 
jority of proteolytic fragments for the protein of inter- 
est in the 400-2500 Da “optimal recovery” range. One 
limitation of the use of Poroszyme TM is that there are 
only four proteases available in the PoroszymeTM for- 
mat: trypsin, V8 protease, pepsin, and papain. Addi- 
tional proteases in the PoroszymeTM format would add 
additional flexibility in peptide map generation. The 
second factor affecting sequence coverage from a CL- 
digest is the amount of protein digested. This is illus- 
trated by the sequence coverage values shown for lck 
kinase digests in Table 1. In the case of the 3 pmol 
digest, a sequence coverage of 60% was obtained even 
though 81% of lck kinase tryptic peptides fall within 
the 400-2500 Da “optimal recovery” molecular weight 
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NanoES-MS/MS spectrum of Ick kinase tryptic peptide T23 (216-232) from a 300 fmol 
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range. Decreasing the amount of lck kinase digested 
from 3 pmol to 30 fmol decreased the sequence cover- 
age by a factor of 2. This is probably due to adsorptive 
losses during digestion/desalting that are amplified at 
lower protein levels. Digesting pmol or larger amounts 
of protein whenever possible will increase sequence 
coverage. Maximizing sequence coverage is an impor- 
tant issue if one is trying to locate post-translational 
modifications of a protein; however, it is a less impor- 
tant issue if one is trying to verify the identity of a 
protein. 
In all digests, the digestion buffer contained 5% 
acetonitrile as recommended by the PoroszymeTM 
manufacturer to improve recovery of hydrophobic 
peptides from the p-digestion column. Also, the p- 
digestion column was maintained at ambient tempera- 
ture and the digestion buffer was heated to 37 “C to 
assure rapid, complete digestion of protein. Under 
these conditions, no tryptic autocatalytic peptides were 
observed because of the protease being covalently at- 
tached to the polymeric support. However, it was 
found that if the digestion buffer contained more than 
approximately 20% acetonitrile or if the digestion 
buffers and w-digestion column were held at 37 “C, 
numerous tryptic autocatalytic peptides were observed 
(m/z 1082, 759, 729, 722, and 577) that could dominate 
the spectrum. These ions were confirmed to be 
trypsin-related by MS/MS sequencing. These autocat- 
alytic products are presumably due to the presence of 
some trypsin on the p-digestion column that is not 
covalently attached to the support. Operation with 
buffer at 37 “C containing no more than 5% acetonitrile 
with the p-digestion column at ambient temperature 
was found to be “optimal” in terms of minimizing 
generation of these tryptic autocatalytic peptides while 
maintaining efficient sample digestion. 
Because the proteases trypsin and chymotrypsin are 
isolated from the same tissue source, low level chy- 
motryptic activity is often observed in purified trypsin. 
Although the trypsin used for preparation of Poros- 
zyme TM is treated with the chymotrypsin inhibitor 
TPCK, some chymotryptic activity has been observed 
in PoroszymeTM tryptic digests. For example, the pep- 
tide corresponding to lck sequence position 122-138 
(Table 1) observed in a 3 pmol digest is the result of a 
tryptic and chymotryptic cleavage. This was the only 
chymotryptic peptide observed in the lck kinase di- 
gest. Usually, only a small number of chymotryptic 
peptides, if any, are observed. 
Because of the very small amount of protease in the 
capillary protease columns, one concern was the com- 
pleteness of protein digestion. This indeed turned out 
to be a problem when using a 250 pm i.d. X 5 cm 
protease column (2.5 PL column volume). Only large, 
partially digested tryptic peptides of src kinase were 
observed when using a p-digestion column of these 
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Figure 5. Fractionation of SK kinase tryptic peptides from a capillary desalting column. 
dimensions. However, complete digestion of src kinase 
was obtained by using a 500 pm i.d. x 5 cm protease 
column (10 PL column volume), presumably due to 
either the larger enzyme to substrate mole ratio in the 
500 pm i.d. column and/or decreased linear velocity 
(resulting in longer residence time on column) of the 
sample through the 500 pm i.d. column as compared 
to the 250 pm i.d. column at the same flow rate. In the 
3 pmol Ick digest summarized in Table 1, which used a 
500 pm i.d. column, the only partially digested tryptic 
P( ?P 3 41 
Y 
fragment observed was T40-T41; and the completely 
digested T41, which was also observed, was more 
abundant than T40-T41. 
Frffctionation of a Protein Digest Using a Desnlting 
Capillary 
Prior to NanosES analysis, samples are typically de- 
salted by loading the sample onto a 100-200 nL bed of 
POROSTM reversed-phase resin and washing with sev- 
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Figure 6. NanoES-MS/MS spectrum of phosphorylated Ick kinase tryptic peptide T44* (431-448) 
from a 300 ho1 tryptic digest. 
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era1 aliquots of l-5% formic acid 1141. Samples are solvent strength to elute large, hydrophobic peptides 
then eluted with 1 FL of 60% MeOH with 5% formic from the POROSTM resin. To address these questions, 
acid. We were concerned that 1 PL of this eluant a src kinase digest was prepared and loaded onto a 
might be insufficient to quantitatively elute a protein desalting capillary. Src kinase was chosen because its 
digest, and that 60% MeOH might be of insufficient tryptic digest contains peptides covering a large 
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Figure 8. NanoES-MS/MS spectrum of the ion at m/z 953.7 from a tryptic r-digest of an 
unknown E. coli protein. 
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molecular weight (up to 5071 Da> and hydrophobicity 
range. After loading, the digest was desalted and eluted 
with a 1 PL aliquot of 60% MeOH, 5% formic acid. 
Next, a second 1 FL aliquot of 60% MeOH was passed 
over the desalting column and collected for NanoES 
analysis. Analysis of this second eluate indicated that 
it was devoid of any src kinase peptides. However, 
upon elution with a third aliquot containing 80% 
MeOH, four large, hydrophobic src kinase peptides 
were observed that were only partially eluted or not 
eluted at all with 60% MeOH (MW’s = 1808, 2162, 
3867, and 5071 Da). Although the 80% MeOH eluted 
the larger peptides, the stability of the NanoES signal 
was poorer when spraying with the higher concentra- 
tion of MeOH. 
To further explore the elution characteristics of 
MeOH containing solutions, a 1 pmol digest of src 
kinase was loaded onto a desalting capillary and se- 
quentially eluted with 1 ,uL aliquots of eluant contain- 
ing 20, 40, 60, 80, and 90% MeOH. Peptides were 
tracked by fraction and semiquantitated by mass spec- 
trometric signal intensity. This is illustrated in Figure 5 
which tracks the fractionation of five src peptides 
through the experiment. With the exception of the 
T16-17 peptide, the fractionation order of these src 
kinase peptides matched the reversed-phase elution 
order predicted using the Browne, Bennett, and 
Solomon HPLC index [29], with smaller, more hy- 
drophilic peptides eluting at lower MeOH concentra- 
tions and larger, more hydrophobic peptides requiring 
higher MeOH concentrations for elution. The ability to 
fractionate peptides with the desalting column could 
prove useful when working with digests of very large 
proteins or digests containing isobaric peptides. As 
shown with four of five peptides in Figure 6, one 
drawback to this type of fractionation is that a given 
peptide might be distributed between two fractions, 
thus lowering the concentration of that component in 
either individual fraction. Because most peptides are 
eluted with 60% MeOH and the NanoES signal stabil- 
ity of this eluant is good, we typically elute from the 
desalting column with this solvent. 
Location of a Phosphorylation Site in lck Kinase 
LC/MS analysis of the lck kinase sample used for 
these experiments had shown the protein to have a 
molecular weight of 51,427 Da, 80 Da higher than the 
predicted 51,347 Da, suggesting that the protein was 
monophosphorylated. In order to locate the phospho 
rylation site, 300 fmol of Ick kinase was digested using 
a tryptic p-digestion column. The digest shown in 
Figure 2 contained a tryptic peptide (T44*) with dou- 
bly and triply charged ions at m/z 1069.6 and m/z 
713.4, respectively, which corresponds to a molecular 
weight of 2137.2. This peptide was 80 Da higher in 
mass than the expected nonphosphorylated lck kinase 
tryptic peptide T44 (MW = 2057.2). MS/MS of this 
peptide (Figure 6) from the 300 fmoi digest yielded 
abundant y-ion ( y2-y14) and b-ion (b,-&.) series. The 
mass difference (243 Da) between the y4-ys ions and 
&b,, ions highlighted in Figure 6 is consistent with a 
phosphotyrosine residue, pinpointing the phosphoryla- 
tion to Tyr-444 in the C-terminal tryptic peptide of this 
lck kinase construct. This particular Tyr residue is 
highly conserved among members of the src subfamily 
of tyrosine kinases (of which lck kinase is a member), 
and phosphorylation of this residue has been associ- 
ated with downregulation of the tyrosine kinase activ- 
ity 1301. 
identification of un E. coli Cell Lysate Protein 
A commonly used method to separate complex mix- 
tures of proteins is 2-D gel electrophoresis. Elegant 
protocols have been developed that combine in-gel 
proteolytic digestion with NanoES or MALDI-MS for 
Table 2. Database search results for unknown E. coli protein 
Search 1: Protein molecular weight search of OWL 
Search input: Protein molecular weight of 7275 Da 
Matches (five most similar from E. co/i) 
1, 50s ribosomal protein (E. co/i), MW = 7273 Da 
2. Cold shock protein cspa (E. co/i), MW = 7272 Da 
3. Cold shock-like protein cspc (E. co/i), MW = 7271 
4. Hypa thetical 7.3 kDa protein (E. co/i), MW = 7281 
5. Branched chain amino acid transferase (E. co/i), 
MW = 7268 
Search 2: FASTA sequence search of SwissProt 
Search input: Peptide sequence A E G E N V E F E L Q D 
Matches (five most similar) 
1. Cold shock-like protein cspc (E. co/i) 
2. Ferredoxin, root R-B2 
3. Glycine-rich cell wall protein 
4. cspE cold shock-like protein (E. co/i) 
5. Elongation factor TU (EF-TU) 
Seach 3: Peptide mass search of SwissProt 
Search input: Peptide masses 1306.5, 1196.7, 1093.6, 
1906.4, 912.5,781.4, 710.4 
Matches (five most similar) 
1. Cold shock-like protein cspc (E. co/i) 
2. Hypothetical protein YTA6 (S. cervisiae) 
3. Outer capsid protein VP4 (Bovine Rotavirus) 
4. Outer capsid protein VP4 (Simian Rotavirus) 
5. Outer capsid protein VP4 (Simian Rotavirus) 
Search 4: Peptide mass/sequence tag search of OWL 
Search input: Peptide mass 1905; 
Sequence tag [El 7.51 FEV[l 192.71 
Match 
1. Cold shock-like protein cspc (E. co/i) 
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the identification of proteins from 2-D gels [19]. Pro- 
tein mixtures can similarly be separated using a com- 
prehensive 2-D liquid chromatography/liquid chro- 
matography (2-D LC) system that leaves the separated 
proteins in solution as opposed to a gel matrix [25]. 
Since 2-D LC separated proteins remain in solution, 
p-digestion protease columns are ideally suited to 
rapidly generate proteolytic maps for NanoES analysis. 
To demonstrate this, a fraction collected from a 2-D LC 
separation of an E. coli cell lysate was subjected to 
tryptic p-digestion followed by NanoES analysis of the 
resulting digest. The E. coli lysate was separated on a 
2-D LC system consisting of cation exchange in the 
first dimension followed by reversed-phase in the sec- 
ond [25]. The separation was done with on-line MS 
detection with 90% of the eluate being diverted to a 
fraction collector. The molecular weight of the protein 
in the fraction of interest was found to be 7275 Da 
using on-line MS detection. The fraction collected for 
analysis consisted of protein in approximately 20 PL 
of reversed-phase buffer and was concentrated to ap- 
proximately 10 FL prior to digestion. After pH adjust- 
ment to 8.5, the entire sample was digested with a 
trypsin p-digestion column and subjected to NanoES 
analysis. The amount of protein in the fraction was 
unknown, but was estimated to be approximately 10 
pmol based on the peptide MS signal intensities. 
Figure 7 shows the NanoES-MS spectrum obtained 
for the 7 kDa E. coli cell lysate protein. Abundant 
peptide signals were observed with sufficient isotopic 
resolution to determine charge states of most of the 
ions in the spectrum. Several of the more abundant 
peptides were subjected to MS/MS analysis. Figure 8 
shows the MS/MS spectrum obtained for the doubly 
charged ion at m/z 953.7. From the product ions in the 
spectrum, the sequence “,..AEGENVEFE(L/I)ED...” 
was determined. Since the digestion was done using 
trypsin, the product ions were assumed to be a y-ion 
series since a tryptic peptide always (except for the 
C-terminal peptide in a protein) contains a C-terminal 
basic residue that usually directs fragmentation from 
the C terminus. 
Four different database searches were used to iden- 
tify the protein. The first search was done of a nonre- 
dundant OWL database using the program Peptide- 
Scanm to search for proteins in the database of similar 
molecular weight to the E. coli protein as measured by 
LC/LC/MS. The second search was done using the 
FASTA algorithm [31] to search the SwissProt database 
for similar sequences. The third search consisted of a 
search of SwissProt using a program available on the 
world wide web site at the European Molecular Biol- 
ogy Laboratory (http:/ / cbrg.inf.ethz.ch/ 
subsection3-l-3.htn-J) which searches for peptide mass 
Table 3. Coverage of E. coli cold shock-like protein cspc by NanoES-MS 
Peptide m/z Sequence Charge state Comments 
1306.5 48 -58 +1 Chymotryptic cleavage 
1218.7 15-26 +1 Sodium adduct 
1196.7 15-26 +1 
1093.6 50 -58 +1 Chymotryptic cleavage 
992.5 17-26 fl Chymotryptic cleavage 
964.5 42 -58 +2 Sodium adduct 
953.7 42 -58 t2 
912.5 59 -68 +1 
857.7 44 -58 +2 Sodium adduct 
846.7 44 -58 +2 Chymotryptic cleavage 
810.4 9-14 +1 
788.4 19-26 +1 Chymotryptic cleavage 
763.4 27 -32 fl Chymotryptic cleavage 
654.0 48 -58 +2 Chymotryptic cleavage 
643.5 42 -58 +3 Sodium adduct 
636.5 42 -58 +3 
609.9 15-26 +2 Sodium adduct 
599.9 15-26 +2 
522.3 37 -41 +1 Chymotryptic cleavage 
467.9 59 -68 +2 Sodium adduct 
457.2 59 -68 +2 
405.8 9-14 +2 
382.4 27 -32 12 Chymotryptic cleavage 
E. co/i cold shock-like protein sequence: 
AKIKGQVKWFNESKGFGFITPADGS 25 
KDVFVHFSAIQGNGFKTLAEGQNVE 50 
FEIQDGQKGPAAVNVTAI 68 
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map similarities. The fourth search was done of an 
OWL database using the program PEPTIDESCAN~~, 
which uses an entered peptide mass and sequence tag 
to search the database for sequences with matching 
criteria [32]. The results of these searches are summa- 
rized in Table 2. Those proteins retrieved from these 
searches that were not from E. coli could be eliminated 
from consideration, as well as those with molecular 
weights significantly different from the measured 7275 
Da. In all four searches, cold shock-like protein cspc 
from E. coli was retrieved as a match. In the protein 
molecular weight, FASTA, and peptide mass map 
searches, multiple sequences were retrieved that 
matched exactly or closely the input data. In the se- 
quence tag search, cold shock-like protein cspc from E. 
coli was retrieved as the only match from a database 
consisting of over 138,000 protein sequences. As sum- 
marized in Table 3, a comparison of the NanoES data 
with the cold shock-like protein cspc sequence showed 
considerable consistency. Also, data for all peptides 
analyzed by MS/MS were consistent with the cold 
shock-like protein sequence. Over 81% of the cold 
shock protein sequence was represented in the mass 
spectrometry data. Although the digest was desalted 
prior to NanoES analysis, several abundant sodium 
adducts were observed in the spectrum. This is not 
completely unexpected since the cell lysate was ini- 
tially separated on an ion exchange column using a 
sodium-containing mobile phase. Contrary to what is 
typically observed with PoroszymeTM trypsin columns, 
several very abundant chymotryptic peptides were ob- 
served in the MS spectrum. It is unclear as to the 
reason for this apparent increase in chymotryptic activ- 
ity, but experiments are planned to investigate this 
phenomenon. 
Although the protein molecular weight search did 
retrieve the correct protein (E. coli cold shock-like 
protein cspc) in the five closest matches shown in 
Table 3, this probably would not have been the case 
had this particular protein been post-translationally 
modified or processed. On the other hand, the se- 
quence tag approach to protein identification is some- 
what tolerant toward post-translationally modified or 
processed proteins [32]. The identification of proteins 
by p-digestion/sequence tag database searching com- 
bined with the molecular weight information obtained 
on-line during LC/LC separation could provide useful 
information as to the extent and nature of post-transla- 
tional modification. 
Conclusions 
We have developed a method for the rapid digestion 
and recovery of fmol quantities of protein in solution 
using a capillary column packed with PoroszymeTM 
immobilized proteases. The levels of protein that can 
be digested and recovered from these columns along 
with the relatively small volumes generated during 
digestion make it an ideal method for the generation of 
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proteolytic digests for NanoES-MS characterization. 
This approach is well suited for the characterization of 
proteins in fractions collected from LC or LC/LC sepa- 
rations, particularly if only low to subpicomole 
amounts of protein are present. This approach is also 
attractive because of the simplicity of the apparatus 
used for digestion (syringe pump, gastight syringe, 
p-digestion column) and the robust, reuseable nature 
of the PoroszymeTM p-digestion columns. 
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